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INTERACTIONS BETWEEN LARGE SPACE POWER SYSTEMS ANO LOW-EARTH-ORBIT PLASMAS 


N. John Stevens 
Hughes Aircraft Company 
El Segundo, California 


There is a growing tendency to plan space missions that will Incorporate 
very large space power systems. These space power systems must function In the 
space plasma environment, which can Impose operational- limitations. As the 
power output Increases, the operating voltage also must Increase and this volt- 
age, exposed at solar array Interconnects, Interacts with the local plasma. 

The Implications of such Interactions are considered herein. The available 
laboratory data for biased-array segment tests are reviewed to demonstrate the 
basic Interactions considered. A data set for a floating high-voltage array 
test was used to generate approximate relationships for positive and negative 
current collection from plasmas. These relationships were applied to a hypo- 
thetical 100-kW power system operating In a 400-km, near-equatorial orbit. It 
was found that discharges from the negative regions of the array are the most 
probable limiting factor In array operation. 


INTRODUCTION - 

For the past several years NASA has been conducting mission-planning 
studies calling for extremely large satellites to be placed In low Earth orbits 
by the space shuttle.* - * Because the planners were freed from the constraints 
Imposed by expendable launch vehicle shrouds, satellite dimensions grew to tens 
of meters and power generation requirements rose to hundreds of kilowatts. 

Now that the Space Transportation System (l.e., shuttle) Is operational, 
there Is an. effort under way to place such a large structure In orbit In the 
near future. The projected system could, be a manned space platform capable of 
conducting Earth-oriented studies, space science Investigations, or space manu- 
facturing experiments. Although the mission Is not finalized. It could Involve 
an expandable platform - Initially a simplified station that can be expanded In 
the future. The platform would probably be placed In an orbit similar to 
Sty lab's (400 to 500 km) so that It could be serviced by the shuttle and yet be 
high enough to minimize reboost cost and have an adequate mission life. Array 
power requirements are postulated as-being between 50 and 100 kW. 

The generation of large power levels requires very large solar arrays 
since the nominal power density Is of the order of 100 w/m 2 . Hence a 50-kW 
array would require an area of 500 m 2 . This area Implies long cabling to bring 
power to the user. If the system were operated at a nominal voltage of 30 to 
60 V, currents Of the order of 1000 A would be required. Currents of this 
magnitude can produce either significant cable harness losses (I 2 R) or unac- 
ceptable Increases In weight If the cable loss Is reduced by using thicker 
cross-sectional areas. 5 In addition, large currents flowing In the array can 
generate magnetic fields that can Interact with the Earth's. This Increases 
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REVIEW OF BIASE&=ARRAY TESTS 


Tests of small segments of solar arrays biased by laboratory power sup- 
plies while exposed to simulated plasmas In- vacuum facilities. have been con- 
ducted Over the past 10 years.® -1 ® A. test of a similar nature has been 
conducted In space. 1 ' Regardless of the size of the array segment (.from 
lOQ-cm? to 13 600-cm 2 areas have been tested) the results are quite similar.. 

In this section the test procedure and the pertinent results are summarized. 

Such plasma Interaction tests are typically conducted In an experimental 
arrangement shown schematically In Figure 3(a). The vacuum chamber Is capable 
of pumping to background pressures Of 1Q~® torr or less. The plasma environ- 
ment Is created by Ionizing a gas (e.g. , nitrogen, argon, or helium). The 
plasma, parameters (plasma number density and particle temperature) are usually 
determined with either cylindrical or spherical Langmuir probes. The solar 
array segment (Fig. 3(b)) Is mounted In the chamber and is electrically Iso- 
lated from the tank ground. A high-voltage power supply Is connected to one 
or both .ends of the array through an Isolated feedthrough In the tank wall. A 
current-sensing Instrument Is placed between the power supply and the test 
sample to measure any coupling current between the segment and the tank ground 
through the plasma environment. This lead Is shielded to minimize extraneous 
currents. A surface voltage probe (such as that manufactured by TREK) Is used 
to sense the voltage on the array during the test. Hence a surface voltage 
profile and a leakage current measurement are obtained as functions of applied 
positive or negative voltage for a given plasma environment. It should be 
pointed out that the tank ground Is not the plasma potential. This plasma 
potential Is determined, from the probe readings and must be added to, or sub- 
tracted from, the applied bias voltage tn- order to Interpret the test data. 

It Is very Important to make this correction at low blas^voltages. since the 
plasma potential can oe In the range ±20 V_ 

Typical results for a 100-cm? solar array segment biased positively and 
negatively are shown In Figures 4(a) and (b). 14 In the positive bias volt- 
age case (Fig. 4(a)) the current collection starts at relatively low current 
values and Increases slowly until- a bias of about 100 V Is reached. At this 
point there Is a marked Increase In current collection (by orders of magni- 
tude). Above about 250 V the current tends to Increase linearly with volt- 
age. The surface voltage probe traces give an Indication as to why this 
behavior occurs: At the low applied biases the voltage Is confined to the gap 
region between the cells. The Cover glass maintains Its required zero current 
balance with the plasma by a slightly negative surface voltage. The super- 
position of the fields resulting from these voltages shields the bias voltage 
from the plasma. At biases greater than 100 V, the shielding appears to break 
down^ The bias field now Is stronger and starts to encompass the cover 
glass. This accelerates electrons from the plasma Into the cover glass and 
creates secondary-emitted electrons. The surface voltage must now change to 
maintain a zero current balance at the glass surface. This surface voltage 
assumes a value that Is about 50 V less than the bias voltage. Hence at this 
transition, called "snapover," 1 ® *ne collecting area Is Increased to the 
full segment area, and this Increase changes the coupling currents. The data 
can be modeled empirically as cylindrical probe collection at positive bias 
voltages up to 100 V and as spherical probe collection (with the bias reduced 
by 100 V) at positive voltages greater than 100 V. 1 ® 
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For this paper the results obtained. with the nine-solar-panel array in 
the Johnson Space Center facility^ 9 are used to provide a basis for predic- 
ting performance of large space power systems In a space environment. Since 
the panels were not matched and. the solar simulator did not uniformly illumi- 
nate all nine panels, the results must be viewed, as an approximation to the 
desired test data. Furthermore not all of the plasma properties were 
reported, so the particle energies and the plasma potential in the chamber had 
to be approximated. 


The test was run with the array In an. open-circuit condition but with the 
capability of measuring each panel voltage and the current between panels. 

The plasma density was 2x10* cm” 3 . The distribution of open-circuit voltages 
per panel- after correcting for the assumed value of the plasma potential (10 V) 
is shown in Figure 7. The slope of the voltage is not the same for each panel 
because of the nonuniformity of the panels. In this configuration the array 
open-circuit voltage was about 248 V or slightly less than the 280 V obtained 
without the plasma. This Is either due to a fluctuation In the solar simulator 
or, more probably, a slight loading of the array by leakage through the plasma. 
As shown in Figure 7 the array floats slightly positive and predominantly nega- 
tive. This distribution was expected because the electrons are more mobile 
than the Ions. It is Interesting to note that the average value of the posi- 
tive voltage panel Is about 10 percent of the overall voltage. This Is the 
assumption usually made In computing power system Interactions with plasma 
environments. 

The following empirical approximations for current collection 16 were 
used to compute the coupling currents: 


where 
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thermal electron and Ion current densities, A/cm 2 
Interconnect area, cm 2 

positive and negative average panel voltage (relative to plasma 
potential), V 

electron- and Ion energies (normalized- to electronic charge), eV 


The relationships were Iterated until the electron coupling current was approx- 
imately equal to the Ion current. The results are shown In Figure 8 along with 
the measured values. The agreement Is reasonable. 


The agreement obtained here may be fortuitous In view of the many approx- 
imations made. If the behavior of high-voltage solar array systems Is to be 
understood. It Is mandatory that a well-conceived, complete set of experiments 
be conducted. These experiments must Include bias voltage tests and self- 
generated voltage tests with the capability of achieving positive voltages 
above the sndpover condition. This would answer questions on the negative 
voltage breakdown phenomena as well. 


APPLICATION TO SPACE^POWER SYSTEMS 


To illustrate the effect of plasma Interactions on a i arat* ua ij. aaa 
P° wer consider a IQQkW generator * made up of 10 modules of iq. kW 

* } 00 - k “- «ear-oquat«rUl Earth orbit (FIs 9) It ? “ 

assumed that the modules are connected electrically in paraUol to avoid a 
single-point failure that could occur with a series connect-ion Each of the 
« It *“<»<> to operate at a load voltajo 5[ ““w cu“eo? h 
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Furthermore each of the modules Is asumed to be built ud from ten i ku 
solar array blocks connected In series. Each block woXld thSn IZellu a L- 
be at a^nnc^? 0 ave £ ag ® voVtage of 0.1 V^. Approximately one block would 
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mrt rf..iI h fr.!?!tfT a co “ pl1, ' g or drainage current can be computed for the 10-kW 
module operating at an average V L of. 500 V and producing an i, of 20 A 

Each block would generate 1 kW of power at an average voltaee ef L so v The 

der !r d 1n the 9, e,lSus section “e Slid to ?2Sp^o the noI?? 1 ve 
and negative coupling currents for this module, which Is assumed to tetJolcal 
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reie*?!!!!^! 5 *;! concern I s whether the blocks that are at negative voltaaes 
relative ta the space plasma potential approach the breakdown threshold^ this 
can have more serious consequences than the coupling ^cS?reS? losse a'bllJk 
discharging to space can disrupt the whole powe? system o5?put “ 


array F segments h 16?18 P u t lUVit* ^ ? round tests on sraaT1 bUsad solar 
?» » .. n appears the whole segment area Is nat Involved 

In a given discharge. Hence only a finite area of a large 5013^^^ !^^ he 

nvolved In any single discharge. The location of this finite area within the 
power system 1-kW block then becomes critical to evaluating the effect of dis- 
charges on system performance. If discharges occur at oaraiiei na+hc U uh 4 
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the whole array output could temporarily collapse (Fig, 10), Random oscilla- 
tions in- the power output could be caused by the breakdowns, in each module-and 
by the, as yet unknown, lifetime Influence on breakdown -thresholds. 

Environmental measurements on the third shuttle flight 2 ®*^ compound the 
difficulties Imposed by possible plasma Interaction*-. It has been found that 
because of photoemission from the surface the plasma environment around the 
shuttle In sunlight Is approximately 14) times denser than previous measurements 
would Indicate. Furthermore this dense environment seemed to stay with the 
shuttle for the 8 days of the mission. If this- phenomenon holds true for all 
altitudes and for extended periods of time, the plasma surrounding a large 
power system could also be denser than previously considered. A factor of 10 
Increase In plasma density would increase the coupling current losses to about 
1 percent, which may still be unimportant. However, the discharge threshold 
would, be reduced significantly by such an Increase and more blocks would be 
Involved In discharge transients. This Is a much more serious Interaction 
problem. 

These considerations apply to cases where the environment Is assumed to be 
Isotropic. Such conditions do not a 1 way r exist In low_£arth orbits and there 
can- be significant changes during the orbit (Fig. 11). At certain times the 
active area of the array faces the orbital velocity direction ("ram"). Under 
such conditions, the ion currents are Increased (ram velocity Is greater than 
Ion thermal velocities), and this causes the array to float more positively 
relative to the space plasma potential. The result Is higher coupling currents 
and lower discharge tendency. When the active area faces away from the orbital 
velocity direction ("wake"), the resulting deficiency of ions causes the system 
to float more negatively and. thus the discharge probability to be greater. 
Finally the system will enter eclipse each orbit. This eclipse period la long 
enough to allow the array to cool significantly. Upon reent y to sunlight the 
cold solar array system could generate up to twice Its normal voltage until the 
temperature returns to normal. Unfortunately the system would be entering the 
ram condition upon leaving eclipse, and so for a short time both power losses 
and discharges could be a Concern. 

The conditions described apply to a large space power system-operating In 
a 400-km, near-equatorial Earth orbit. If the system were placed at a lower — 
altitude (~300 km), the higher plasma density would Increase the coupling 
losses and- the discharge probability. At a higher altitude high-energy parti- 
cle damage to solar arrays must be considered. Operating In a polar orbital 
environment brings In a variable plasma environment along with possible auro- 
ral flux Interactions. Yet a plasma environment Is not prohibitive to opera- 
tions of space power systems provided that the possible Interactions are 
considered and accounted for In system designs. The alternative of lower volt- 
age operations Is not necessarily safe nor conducive to power system growth. 


CONCLUDING REMARKS 

Plans for future NASA missions call for large space platforms operating In 
low Earth orbits. These platforms require large space power systems capable of 
generating a few hundred kilowatts of power. At these levels the operating 
voltage must be greater than voltages commonly used In present power systems. 
However, the higher voltage can result In Interactions with the space plasma 
environment that can Influence the operating characteristics of the power 
system. 


269 








V./ 


Tests in around simulation facilities In which small selar arrav segments, 
were biased to positive and negative voltages in a plasma environment have 
shown that Interactions can be detrimental. When positive voltaqes are 
applied, electron currents can be collected that become proportional to the 
panel area at voltages greater than 100 v. Under negative bias voltages arcl m 
or breakdown can occur. This arcing threshold depends, on the plasma density 
and can be as low as -300 V- in simulated 3QQ4cm-ofb11uplasma environments!^ 

Relatively few tests have been conducted In which an array capable of 
generating hi ah voltages- under solar simulation conditions was operated In a 

?l!?“Sk envlron,neftt ;> 9? c such test of a nine-block, 13 600-cmS array has shown 
that the array would float- electrically such that one block would have an Jver» 

n?LU # A 4 ih^hi 0l f aae that be 10 percent of the overall voltage, with the 
J2£u« eiflht ?2^ ks P r °9 r ® ss1vel y '“ore negative. This test Indicated that array 

KSVS * CMsWeM " 9 thc ,ntoract 'o n -“'tli .operate 

Af * was appl ! ed t0 a 10 " kw arffl y that was considered to be part 

of a 100-kW space power system operating at 500 V. Ten 10-kW arrays, eachln 

UP ***»»•*■■: ** was fouwl that, under normal quiescent con- 
d 4 kl ons \«* be P° wer drain due to the electron coupling current would be neoli- 
glble. However, the arcing In the negative- voltage regions could seriously 

flrmin t *v yS * em op ! 4 raUo 5 s e1ther by Introducing a ripple on ‘he output or by 
l° nS f?? e 2? 1n9 on the sever1t y location of the break- 

rang1n 9 through ram, wake, and eclipse condl- 
*w <mS J^? ra ^ y tend *° raake the situation worse. Finally the evidence from 

I h h ! < ! hatt1e , experlKe ? tS that 1n< ^ cat e that large space structures could create 
theli own plasma environment tends to make plasma Interactions even more 
ci iti ca 1 1 

For the past 12 years the advantages and disadvantages of large snace 
power system operations at high bus voltages have been argued and discussed. 
There are obvious advantages to using high voltages In space. Possible haz- 

hlJ!in° S ?h h op f rat1on f 4 w1th standard array technology have been addressed 
herein. These Interactions are not Insurmountable but can be overcome given 
adequate understanding of the phenomena. What Is needed Is a systematl? 
Investigation to determine why discharges occur and how to prevent them This 

be mlSln.1zlS y fl1Sht exper1ment to prove that a11 of the Interactions can 
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TABLE I. - ENVIRONMENT AT 

400-km ORBIT 

Plasma characteristics: 

Electrons; 

Be-m ~ 3 . . . 

£ e * ev 

Ions < 0 * 6 ): 

2 * 10 ” 

* • — * .... 0.22 

1 

1 

" 1 . nr 3 

El. eV 

2 x 10 ” 

0.09 

Spacecraft orbital velocity, km/sec . . 77 I 

Plasma current densities, A/m 2 : 
Isotropic: 

Electron. J eo 

Ion, J 1o 

Ram-(lon): j 1o 

2.4*10 - 3 

9.4x10-6 


TABLE II. - SUMMARY OF PLASMA COUPLING CURRENTS 
°P* r at1ng conditions for module: V ftn 
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current, 
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(b) Solar array segment. 
Figure 3. - Ground simulation tests. 
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Figure 4 - Solar array surface voltage profiles and coupling currents. 
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THERMAL PLASMA DENSITY , cm * 
Figure 5 . - Voltage threshold tor breakdown* 
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Figure 61 - large solar array panel lest. 





Figure 7. - Generated voltage distribution for nine-panel array. 
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(b) Predicted plasma coupling currents. 

Figure 0. - Comparison of measured and predicted plasma 
coupling currents for nine-panel array. 
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Figure 9. - Space power system concept UOQkW generated at 500 V).-- 
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(a) Design distribution. 



(b) Minor breakdown 
_ (one block). 



(c) Major breakdown 
(one block). 

Figure 10, - Influence of 
breakdowns on solar array 
behavior. 





